Redox-controlled hybridization of helical foldamers by Faour, Lara et al.
HAL Id: hal-02322934
https://hal.archives-ouvertes.fr/hal-02322934
Submitted on 4 Jun 2020
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Redox-controlled hybridization of helical foldamers
Lara Faour, Catherine Adam, Christelle Gautier, Sébastien Goeb, Magali
Allain, Eric Levillain, David Canevet, Marc Sallé
To cite this version:
Lara Faour, Catherine Adam, Christelle Gautier, Sébastien Goeb, Magali Allain, et al.. Redox-
controlled hybridization of helical foldamers. Chemical Communications, Royal Society of Chemistry,
2019, 55 (40), pp.5743-5746. ￿10.1039/C9CC02498K￿. ￿hal-02322934￿
  
 
COMMUNICATION 
  
Please do not adjust margins 
Please do not adjust margins 
Received 00th January 20xx, 
Accepted 00th January 20xx 
DOI: 10.1039/x0xx00000x 
 
Redox-controlled hybridization of helical foldamers 
Lara Faour, Catherine Adam, Christelle Gautier, Sébastien Goeb, Magali Allain, Eric Levillain,  
David Canevet,* Marc Sallé *
Tetrathiafulvalene redox units were grafted at both extremities of 
an oligopyridine-dicarboxamide foldamer through a 
straightforward copper-catalyzed azide-alkyne cycloaddition. The 
present work demonstrates that the hybridization equilibrium of 
foldamers can be tuned through redox stimulations.  
Foldamers[1,2] constitute a family of synthetic oligomers that 
adopt well-defined secondary structures and have focused a 
growing attention over the last years,[3–7] notably to understand 
and mimic biological functions. Outstanding achievements have 
been reported in various research fields, such as pharmacology, 
catalysis, or host-guest chemistry.[7–10] Much efforts have also 
been devoted to the formation of discrete supramolecular 
structures, such as double, triple or even quadruple helices,[11] 
since helical single strands actively participate in biological 
processes (e.g. ribonucleic acids) and can form hybridized 
structures (i.e. multiple helices). 
The parameters governing the latter equilibria are intrinsically 
associated to solute-solute and solute-solvent interactions. In 
particular, it was proven possible to shift the equilibrium 
towards the hybridized structures by increasing the 
concentration, lowering the temperature[12,13] or taking 
advantage of solvophobic effects.[14,15] Moreover, the presence 
of a cavity inside the loops of miscellaneous foldameric 
backbones has also encouraged the community to evaluate the 
impact of guest binding over this supramolecular process.[16,17] 
While it is sometimes possible to shift the equilibrium by 
controlling the temperature in a reversible manner, reversibility 
is hardly reached when diluting a solution, changing the solvent 
or introducing a guest, due to experimental issues. Therefore, 
controlling in a reversible way the equilibrium between single 
and hybridized helices constitutes an exciting challenge to 
tackle. Such a breakthrough requires identifying a stimulus, 
which does not affect the composition of the medium upon 
converting the single helix to the corresponding hybridized 
structure, notably when the process is performed several times. 
In this context, a proof-of-principle has been recently reported 
with photochemical stimulations by Flood and coworkers.[18] On 
the other hand, redox chemistry appears particularly relevant 
to promote attractive/repulsive interactions between 
electroactive subunits, without displaying the drawbacks 
associated to photochemical inputs and associated thermal 
relaxation processes. In particular, the radical-cation 
dimerization phenomenon (-dimerization) has recently 
emerged as a valuable new type of interaction of the 
supramolecular toolbox.[19,20] Such reversible non-covalent 
bonds have been reported from different redox units, such as 
viologen (upon reduction of V2+)[21] or tetrathiafulvalene (upon 
oxidation of TTF).[22–28] Herein, the latter system[29] was selected 
for multiple reasons: 1) it can be reversibly and successively 
oxidized into the radical cation TTF+• and the aromatic dication 
TTF2+ states, even under aerobic conditions, 2) these redox 
reactions can be carried out either chemically or 
electrochemically, with a full control over the oxidized species 
that are produced, 3) the corresponding radical cation dimers 
display clear spectroscopic signatures, though only observable 
under certain specific conditions.[30] Consequently, TTF units 
were covalently grafted at both extremities of an oligopyridine-
dicarboxamide backbone[5,31] endowed with five pyridyl rings. 
The latter skeleton was selected for its ability to hybridize with 
a moderate dimerization constant,[32,33] its transparency in the 
visible range, and its redox inactivity in a wide range of 
potentials.[34] From the resulting compound 3 (Scheme 1), we 
demonstrate herein an unprecedented control over the 
dimerization equilibrium of a foldamer through redox 
stimulation. 
The synthesis of target foldamer 3 is depicted in Schemes 1 and 
S1. The key step involves a copper-catalyzed azide-alkyne 
cycloaddition (CuAAC)[35–37] between the unreported bis(alkyne)  
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Scheme 1. Synthesis of electroactive foldamer 3. 
functionalized foldamer 2 and azidomethyltetrathiafulvalene 
1,[38] in the presence of copper (II) sulfate pentahydrate and 
sodium ascorbate (See supporting information for synthetic 
details). One will note the high synthetic potential offered by 
key intermediate 2, which allows to envisage the grafting of 
various types of azide derivatives and hence, a straightforward 
access to functionalized foldamers. Target compound 3 was  
isolated with a 97 % yield (Scheme 1) and its structure was 
unequivocally confirmed, notably through the resolution of a 
crystallographic structure (Figure 1). The corresponding crystals 
were grown by slow diffusion of methanol onto a 
dichloromethane solution of foldamer 3. Under these 
conditions, the latter adopts a single helical structure in the 
solid state and displays the expected intramolecular hydrogen 
bonds (See Figure S1).[12] Our efforts to grow single crystals of 
the hybridized foldamer, i.e. adopting a double helical 
arrangement, proved unsuccessful, which most likely results 
from a weak equilibrium constant. This was confirmed by 
performing variable-concentration NMR experiments in 
deuterated chloroform (Figure S2) and in a CD2Cl2/CD3CN (1/1 
(v/v)) mixture at 273 K (Figure S3). At this temperature, the 
equilibrium was slow on the NMR timescale, which allowed a 
straightforward determination of the dimerization constant 
Kdim(CDCl3) = 25 ± 9 and Kdim(CD2Cl2/CD3CN) = 5.2 (± 0.8) × 102 
(See supporting information file). One will also note that mass 
spectrometry (FTICR) measurements (Figure S4) showed the 
presence of both the monomer and the dimer species, but no  
 
Figure 1. Crystallographic structure of foldamer 3. Solvent molecules and isobutoxy 
chains omitted for clarity. 
larger aggregates. In view to explore the impact of radical-
cation dimerization over the supramolecular behaviour of 
foldamer 3, chemical oxidations were led by titration with 
thianthrenium tetrafluoroborate (ThBF4) (Figure S5).[39] These 
experiments were performed in a mixture of dichloromethane 
and acetonitrile (1/1 v/v), to ensure solubility for both the 
foldamer and the thianthrenium salt, and followed by UV-visible 
absorption spectroscopy. Upon addition of the oxidizing agent, 
typical absorption bands for radical cation TTF+• appeared at 
437 and 585 nm. Concomitantly, a broad band centred at 770 
nm indicated the formation of radical-cation dimers (TTF+•)2.[40] 
At this stage, it is worth noting that the formation of the- 
(TTF+•)2 dimer at room temperature has been observed only in 
very specific cases, e.g. either through confinement of two TTF 
units within a cavity,[41,42] with covalently preorganized TTF 
units,[40,43–45] or with interlocked structures.[23] Therefore, this 
observation in the case of foldamer 3 constitutes a first 
noticeable evidence for the spatial proximity of TTF+• units and 
highlights the stability of the radical-cation dimers. Finally, one 
will note this absorption band disappears upon further addition 
of oxidant, i.e. upon generation of the dicationic state (TTF2+).  
With this in mind, we performed variable-concentration 
experiments to assess the intra or intermolecular nature of this 
-dimerization process. Given the possible interactions 
between the foldamer and the by-products obtained when 
using ThBF4 (i.e. thianthrene oxide and thianthrene), 
spectroelectrochemical measurements appeared particularly 
relevant for this study.[46] The experiments were led in the same 
solvent mixture as above and the evolution of the absorbance 
was monitored for various concentrations of foldamer 3, at a 
potential ensuring the TTF+• radical cation state (E = 0.3 V vs 
Ag/AgNO3).[47] Thereby, the spectroelectrochemical setup 
afforded the difference A between the absorption spectra 
before and upon electrolysis. Consistently with chemical 
oxidation experiments, radical-cation dimerization ( = 770 nm) 
was very clearly observed for a foldamer concentration of  
500 µM (Figures 2a and S7). Moreover, it is worth noting that 
the occurrence of this (TTF+•)2 interaction appears intimately 
linked to the concentration, as shown by the evolution of A770  
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Figure 2. a) Typical normalised spectrum obtained through spectroelectro-
chemical measurement upon oxidation of 3 (C = 500 µM, E = 0.3 V vs Ag/AgNO3, 
TBAPF6 (0.1 M), CH2Cl2/CH3CN 1/1 (v/v)). b) Evolution of A770 upon oxidation of 3 
(normalized UV-visible-NIR absorption spectra) as a function of foldamer 
concentration, E = 0.3 V vs Ag/AgNO3), TBAPF6 (0.1 M), CH2Cl2/CH3CN 1/1 (v/v), T 
= 293 K. 
as a function of [3] when oxidized at 0.3 V vs Ag/AgNO3 (Figures 
2b and S7). Importantly, the nonlinear character of the 
corresponding relationship demonstrates the intermolecular 
nature of the radical cation dimerization process. On this 
ground, various supramolecular arrangements can be 
envisaged (Figure 3a): once oxidized, foldamer 32(+•) may indeed 
form supramolecular polymers, macrocycles or double helical 
structures. To get insight into the assemblies made from 
foldamer 3, additional spectroelectrochemical measurements 
were led under the same conditions, with reference compound 
4 (Figure 3b). The latter structure corresponds to both 
extremities of the foldamer strand 3 and is structurally unable 
to hybridize. These studies showed that while the spectroscopic 
signature of the -dimerization (770 nm) was observable at 
concentrations as low as 10-5 mol.L-1 for foldamer 3, it was only 
detectable at concentrations 250 times higher with reference 4 
(Figure S8). Such observation excludes the growth of a 
supramolecular polymer upon oxidation of foldamer 3. Instead, 
the quantitative analysis of the spectroelectrochemical data 
(Figure 2b) well fits with a dimerization equilibrium. 
Noteworthily, the corresponding calculated dimerization 
constant (see SI for details) Kdim = 5.7 (± 0.6) × 104, proved to be 
two orders of magnitude larger than for the neutral foldamer 3  
  
Figure 3. a) Possible supramolecular arrangements accounting for intermolecular 
radical-cation dimerization. b) Chemical structure of reference compound 4. 
(Kdim = 5.2 (± 0.8) × 102) in the same solvent. These values 
illustrate a much stronger dimerization tendency in the case of 
the oxidized foldamer compared to neutral 3 and exclude the 
construction of a supramolecular macrocyclic structure (Figure 
3 and S9). Indeed, such macrocyclic systems are only 
maintained through -dimer interactions and are therefore 
unable to reach such high Kdim values. This was evidenced for 
instance with a previously reported preorganized bis-TTF 
derivative, displaying a dimerization constant of 5.9 x 102 when 
oxidized in the same solvent mixture.18 The present 
experimental observation made from 3 is therefore assigned to 
the known propensity of oligopyridine-dicarboxamide 
backbones to hybridize. In this case, this behavior is remarkably 
reinforced by a favourable synergetic contribution of the radical 
cation dimerization process (Figure 3 and S9). 
Controlling the hybridization equilibrium of helical foldamers 
constitutes an exciting challenge to tackle. With this objective 
in mind, we described herein the synthesis of a versatile 
bisalkyne foldamer, which allowed grafting tetrathiafulvalene 
redox units in an efficient manner. On this ground, we 
successfully showed that the dimerization of radical cations 
constitutes a relevant driving force to get control over the 
hybridization equilibrium (Kdim(32(•+)) = 102.Kdim(3)). These 
unprecedented results open promising perspectives, be that in 
the context of redox-controlled encapsulation or to develop 
smart foldamer-based materials. 
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